Egg drop syndrome virus (EDSV), a member of the family Adenoviridae and an economically important pathogen with a broad host range, leads to markedly decreased egg production. However, the molecular mechanism underlying the host-EDSV interaction remains unclear. Here, we performed highthroughput RNA sequencing (RNA-Seq) to study the dynamic changes in host gene expression at 6, 12, and 24 hours post-infection in duck embryo fibroblasts (DEFs) infected with EDSV. Atotal of 441 differentially expressed genes (DEGs) were identified after EDSV infection. Gene Ontology category and Kyoto Encyclopedia of Genes and Genomes pathway enrichment analysis revealed that these DEGs were associated with multiple biological functions, including signal transduction, host immunity, virus infection, cell apoptosis, cell proliferation, and pathogenicity-related and metabolic process signaling pathways. We screened and identified 12 DEGs for further examination by using qRT-PCR. The qRT-PCR and RNA-Seq results were highly consistent. This study analyzed viral infection and host immunity induced by EDSV infection from a novel perspective, and the results provide valuable information regarding the mechanisms underlying host-EDSV interactions, which will prove useful for the future development of antiviral drugs or vaccines for poultry, thus benefiting the entire poultry industry.
INTRODUCTION
Egg drop syndrome virus (EDSV) is an avian adenovirus of the genus Atadenovirus that is classified as a duck adenovirus type I. EDSV is a non-enveloped virus with a double-stranded DNA genome that is approximately 33.2 kb in length (King et al., 2011) . The first reported EDSV outbreak in laying chickens occurred in Holland in 1976, at which time only one EDSV serotype was recognized (Raj et al., 2001) . Egg drop syndrome is characterized by a change in which healthy laying hens begin to produce poor quality eggs, with clinical signs that include soft, thin-shelled, or shellless eggs (Huang et al., 2015) . Several studies have revealed that EDSV has a wide host range, infecting turkey breeder flocks, healthy laying birds, quail, and geese (Bidin et al., 2007) . Recently, Cha et al. (2013a, b) demonstrated that 9-day-old Peking ducklings infected with EDSV showed severe acute respira-C 2018 Poultry Science Association Inc. Received March 3, 2018. This work was financially supported by Shaanxi Science and Technology Overall Innovation Project Plan (Grant No. 2015KTCL02-16) .
1 These authors contributed equally to this work. 2 Corresponding author: E-mail: wjingyu2004@126.com tory symptoms, indicating that different EDSV strains with mild or severe pathogenicity coexist and are potential risks to poultry. Therefore, it is necessary to explore the pathogenic mechanisms of EDSV in duck embryo fibroblasts (DEFs) to allow the design of better disease control strategies. China raises the largest number of ducks among all countries worldwide. Ducks are a natural host of EDSV, as EDSV and EDSV antibodies have been found repeatedly in various domesticated ducks, and global serological evidence of EDS infection has been reported in a variety of wild waterfowl species (Cha et al., 2013a, b; Huang et al., 2015) . Duck embryo fibroblasts are the primary target cells of EDSV and play a vital role in in vitro studies of host-EDSV interactions (Li et al., 2012; Hu et al., 2017; Qi et al., 2017; Yin et al., 2017) . However, few studies have used DEFs to investigate differential gene expression in response to EDSV infection, which may provide important information about host-EDSV interactions at the transcriptional level and in terms of biological processes, molecular functions, and cellular components. Very recently, next-generation sequencing techniques such as RNASeq, which is a powerful approach for transcriptome profiling, have revealed dynamic changes in host gene 404 expression during pathogen infections and have been employed to study various viral infections and diseases (He et al., 2017; Liu et al., 2017; Sudhagar et al., 2018) .
The aim of the current study was to use the RNA-Seq method to conduct a comparative transcriptome analysis of DEFs in response to EDSV infection at different time points (6, 12, and 24 hour's post-infection (hpi) ) and to analyze the dynamics of host gene expression during viral infection. The results may provide novel information that will increase our understanding of the pathogenesis of EDSV and the mechanisms underlying virus-host interactions.
MATERIALS AND METHODS

Cell Culture and Virus Infection
Duck embryo fibroblasts were obtained from 12-dayold duck embryos according to a previously described method (Huang et al., 2015) . In this study, DEFs were cultured in plates containing Dulbecco's modified Eagle's medium (DMEM, Gibco) supplemented with 10% fetal bovine serum (Gibco) at 37
• C in a 5% CO 2 atmosphere. EDSV strain 127 (GenBank: Y09598) was used in this study according to a previously described method (Huang et al., 2015) . EDSV infected the DEFs at a multiplicity of infection (MOI) of 2. Viral loads were quantified by using a real-time quantitative polymerase chain reaction (RT-qPCR) assay as previously described (Huang et al., 2015) . Cells were harvested at 0, 6, 12, and 24 hpi. All duck embryos used in this study were selected in accordance with the guidelines provided by the Chinese Council on Animal Care.
RNA Isolation, cDNA Library Construction and RNA-Seq
Cellular and viral RNA were extracted with TRIzol reagent (Invitrogen, Life Technologies) according to the manufacturer's protocol and subsequently treated with DNase I (Invitrogen, Life Technologies). RNA purity, concentration, and integrity were assessed using a Nanodrop NanoPhotometer spectrophotometer (NanoDrop products IMPLEN, CA), a Qubit 2.0 fluorometer (Invitrogen, Life Technologies), and an Agilent 2100 bioanalyzer (Agilent), respectively. A cDNA library for each sample was constructed with an RNA Library Prep Kit (NEB) according to the manufacturer's instructions. Next, 3 μg of RNA was used to enrich poly (A) mRNA, which was fragmented into short pieces by oligo (dT) magnetic beads (Invitrogen). Cleaved short RNA fragments were used for first-strand cDNA synthesis with reverse transcriptase and a random hexamer primer. Second-strand cDNA fragments were then synthesized using DNA polymerase I, RNase H, and dNTPs. The cDNA fragments were ligated to sequencing adapters and amplified by PCR to obtain the final paired-end library. Library sequencing was performed on a BGIseq-500 platform at the Beijing Genomic Institution.
Transcriptome Data Analysis
To analyze the RNA-Seq data, low-quality sequences were removed from the raw sequencing reads, and the adaptor sequences were trimmed using the Sequence CLEAN program. The remaining reads were called "clean reads" and stored in FASTQ format. Next, we used Bowtie 2 to map the clean reads to reference genes and used HISAT to reference the genome. For gene expression analysis, matched reads were calculated and then normalized to RPKM using RESM (Li and Dewey, 2011) . The NOISeq (Tarazona et al., 2011) method was used to screen the differentially expressed genes (DEGs) according to default criteria consisting of a fold-change ≥2 and a divergence probability ≥0.8. Pathway annotation and enrichment analyses were performed using the Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway databases. Finally, the Cluster and Java Tree view software packages were used for a hierarchical cluster analysis of gene expression patterns. All presented data represent average changes in gene expression for 3 independent replicates (de Hoon et al., 2004; Saldanha, 2004) .
qRT-PCR to Validate Gene Expression
To validate the RNA sequencing results, we selected 12 genes to perform a qRT-PCR analysis. Total RNA was extracted from samples using TRIzol reagent (Invitrogen), and reverse transcription was performed using a Fast Quant RT Kit with gDNase (Tangen, China) according to the manufacturer's instructions. Each reaction was performed in triplicate using a QuantStudio 6 Flex Real-Time PCR System (Life Technologies, Singapore), and the relative expression of each gene was calculated based on a previously described 2 −ΔΔCT method (Yue et al., 2010) ; a housekeeping gene (ACTB, encoding β-actin) was used as a reference gene. The primer sets for selected genes and an internal reference gene are shown in Additional file 1.
RESULTS
Viral Load And Appearance of EDSV-Infected DEFs
To confirm the success of viral infection, EDSVinfected DEFs at an MOI of 2 were used to determine the viral genome copy number at different time points post-infection via qRT-PCR. The results showed that small amounts of virus were detected at 6 hpi and increased slightly from 12 to 24 hpi (Figure 1 ), after which time the pathogen took over host cells, and we observed that viral load markedly increased from 36 to 72 hpi (Additional file 2). A previous study indicated that the time at which the conflict between adenovirus and its host occurs is prior to rapid proliferation of the virus (Zhao et al., 2012) . Therefore, we chose to study EDSVhost interactions at 6, 12, and 24 hpi. 
RNA Sequencing and Read Assembly
To study EDSV-DEF interactions, sequencing libraries were prepared in triplicate for 3 different time points after DEFs were infected with EDSV (6, 12, and 24 hpi) and were analyzed in comparison with cells at 0 hpi (the mock control). In these experiments, an average of 23,645,816 raw sequencing reads were generated. After discarding ribosomal RNA and low-quality reads, 12 high-quality samples were further mapped onto the Anas platyrhynchos genome (GenBank accession: PRJNA46621) using the HISAT and Bowtie tools ( Table 1 ). The average ratio of high-quality reads in comparison with the reference genome was 84.96%. Qualifying sample data were evaluated using multiple metrics (Table 1 ). The raw sequencing data have been deposited in the Gene Expression Omnibus at the NCBI under accession number (SRP149860).
Significantly Differentially Expressed Transcripts and Clustering
We identified 411 DEGs, which are listed for each time point (6, 12, and 24 hpi) in Figure 2A . At 0 and 6 hpi, 2 DEGs were induced and 45 were repressed (see Additional file 3); at 6 and 12 hpi, 34 DEGs were induced, and 66 were repressed (see Additional file 4); and at 12 and 24 hpi, 179 DEGs were induced and 96 were repressed (see Additional file 5). A Venn diagram analysis revealed that 3 DEGs were observed at all 3 tested time points and that 4, 14, and 15 DEGs were unique when comparing 0 and 6 hpi, 6 and 12 hpi, and 12 and 24 hpi, respectively ( Figure 2B ). Hierarchical clustering was performed to compare DEGs in DEFs during different phases of EDSV infection. Gradual changes in gene expression were observed between 0 and 6 hpi, 6 and 12 hpi, and 12 and 24 hpi, and the left side of the hierarchical clustering gene tree allowed DEGs to be further classified ( Figure 2C ).
GO Analyses of DEGs
A total of 411 DEGs were analyzed using the GO database (http://www.geneontology.org) at the 3 assayed time points. The GO functional analysis resulted in 68 GO terms being assigned to 0 and 6 hpi, including 15 GO terms in the cellular component (CC) category, 18 GO terms in the molecular functions (MF) category, and 35 terms in the biological process (BP) category. A total of 201 GO terms were assigned to 6 and 12 hpi, including 22 GO terms in the CC category, 25 GO terms in the MF category, and 154 GO terms in the BP category. A total of 393 GO terms were assigned to 12 and 24 hpi, including 67 GO terms in the CC category, 68 GO terms in the MF category, and 269 GO terms in the BP category. Next, to select the most useful genes for further investigation, we chose the top 30 enriched GO terms, listed in Figure 3A -C.
KEGG Pathway Analysis of DEGs
The KEGG database is used for the pathway-based classification of orthologous genes to provide useful information for predicting biological processes and phenotypic traits of genes. To determine the various biological processes involved in an EDSV infection, 411 DEGs were mapped to referential canonical signaling pathways via KEGG database analysis. Of the differentially expressed DEF genes observed by comparing the 0 and 6 hpi time points, 40 DEGs were mapped to 91 KEGG pathways. When comparing the 6 and 12 hpi time points, 82 DEGs were mapped to 138 KEGG pathways. Finally, when comparing the 12 and 24 hpi time points, 184 DEGs were mapped to 209 KEGG pathways. Next, we selected the top 20 most enriched KEGG pathways at all 3 time points according to a P value < 0.05, as shown in Figure 4A -C. In addition, we screened out important DEGs related to viral infection (Additional file 6) and host cell defense pathways (Additional file 7).
Validation of the RNA-Seq Data by Quantitative Real-Time PCR
To validate the RNA-Seq results, we detected the expression of 2 important pattern recognition receptor genes (P1PK2, STAT1). Certain proinflammatory response genes (IL6, CCL26, TNFAIP6), adaptive immune response genes (C1QA, C1QB, MHCII), and genes involved in viral infection (CCNB3, EGR1, EGR2, USP18) were assayed by qRT-PCR. Comparison of the fold-changes in the expression of the selected genes observed by RNA-Seq and qRT-PCR showed that the 2 data sets were largely consistent ( Figure 5 ).
DISCUSSION
Although many researchers have undertaken extensive efforts to understand adenovirus infection in human cells, little is known about EDSV infection in avian-derived cells. As an economically important disease of the poultry industry, EDSV has a broad host range and causes reduced egg production in chickens and acute respiratory disease in goslings, leading to substantial economic losses (Cha et al., 2013a, b; Huang et al., 2015) . However, little information has been reported on the molecular mechanism underlying the host-EDSV interaction. In this study, we employed high-throughput RNA-Seq technology for the first time and explored of important information about host-virus interaction at 3 characteristic stages (6, 12, and 24 hpi) of EDSV-infected DEFs.
After EDSV infection, the viruses first adhere to the cell surface, a step that is considered a prelude to viral infection, and act as viral binding loci in conjunction with cell surface-specific structures. Huang et al. (2015) reported that EDSV enters DEFs via clathrin-mediated endocytosis. Similarly, our study also detected the differential expression of TGFB3, FGFR2, and PTX3, which are associated with the clathrin-mediated endocytosis pathway induced by early infection with EDSV ( Figure 6 ). Then, we found that the gene encoding the tight junction (TJ) protein claudin-1 (CLDN1) was upregulated during EDSV infection. Upregulation of the CLDN1 gene is closely linked to the entry of many pathogens, including adenovirus, coxsackievirus, hepatitis C virus, and dengue virus, indicating that the CLDN1 gene may play an important role in EDSV entry (Cohen et al., 2001; Evans et al., 2007; Che et al., 2013) .
The suppression of host cell growth is an important indicator of adenovirus infection (Zhao et al., 2007) . In our study, we observed that the expression of cell cycle-associated DEGs (MYC and CCNB3) was significantly downregulated at 12 hpi (Figure 6 ), indicating that the decreased expression of these genes may facilitate EDSV replication. Most of the genes involved in the proinflammatory response were downregulated during EDSV infection at 12 and 24 hpi (Figure 7) , suggesting that adenovirus gene expression interfered with host cell antiviral defense mechanisms (Zhao et al., 2007) . Apoptosis is an critical defense mechanism in many organisms. Direct or indirect inhibition of apoptosis can facilitate viral infections (Zhao et al., 2007; Brune, 2011; Tang et al., 2013) . A previous morphological study revealed that EDSV infection could cause apoptosis in DEF cells (Qi et al., 2017) . However, the molecular mechanism by which apoptosis is induced by EDSV infection remains unclear. In this study, the proto-oncogene (c-Fos), which plays a role as a potent inducer of mammalian apoptosis (Zhang et al., 2007; Asim et al., 2010; Ge et al., 2011) , was clearly downregulated during EDSV infection at 12 hpi ( Figure 6 ). Our results may be related to the facilitation of EDSV infection. Future verification of the role of the C-Fos gene in regulating apoptosis in EDSV-infected host cells is necessary.
To accomplish viral replication, assembly, and maturation, intracellular complexes of the virus utilize intracellular cytoskeletal components of the host to move from the periphery of the cell to sites of RNA synthesis (Marsh and Helenius, 2006) . Microtubules and actin are important components of the cellular cytoskeleton that facilitates adenovirus intracellular translocation to the nucleus (Warren and Cassimeris, 2007; Taylor et al., 2011; Fuchsova et al., 2015) . In our study, we observed that EDSV-infected DEFs included a number of upregulated DEGs that regulate the action cytoskeleton signaling pathway, such as TUBAL3, ACTN2, MYL1, MYL3, and MYL10, the products of which are the basic components of microtubules and myosin (Figure 6 ) (Leopold and Pfister, 2006; Taylor et al., 2011) . Then, we found that TJs and focal adhesions play important roles in adenovirus replication (Kornberg and Grant, 2007; Torres-Flores and Arias, 2015) . Furthermore, different host cell metabolism-related unigenes that are involved in viral replication, such as PTGS2, ARG2, USP18, CLDN1, VEGFD, EEF1A2 and EGR1, were upregulated at different times post-infection as EDSV infection progressed (Savory et al., 2000; Honke et al., 2013; Abbas et al., 2015; Lu et al., 2015; Song et al., 2015) . These DEG expression profiles changed after EDSV infection, suggesting that the growth of host cells is impeded by the virus, the cellular cytoskeleton is remodeled, and EDSV needs several host cell metabolismrelated unigenes to provide optimal condition for viral DNA replication, which is consistent with the results of previous studies of adenovirus infection (Zhao et al., 2007 (Zhao et al., , 2012 .
Upon EDSV infection, host defense against viral infections occurs via several different mechanisms, primarily involving the innate immune response at early time points and shifting to adaptive immune responses at later time points. The innate immune response is activated by pattern recognition receptors that recognize conserved microbial molecules known as pathogenassociated molecular patterns, constituting an early line of defense (Takeuchi and Akira, 2010) . In our study, as a result of EDSV invasion, the activation of the Nodlike receptor family via PIPK2 was observed (Takeuchi and Akira, 2010; Canning et al., 2015) . A Toll-like receptor pathway was also activated, as evidenced by the upregulation of TLR-4, IRF7, and STAT1 (Figure 7) .
Pathogen-associated molecular patterns are recognized by pattern recognition receptors, triggering a downstream signaling cascade and a proinflammatory response that includes cytokines, chemokines, and tumor necrosis factor (Mogensen, 2009; Takeuchi and Akira, 2010) . Our results indicated that the expression of IL-6, IL8, CCL5, CCL4, CCL21, CCL20, and CCL26 increased after EDSV infection (Figure 7 ). IL-6 and IL-8 are 2 important inflammatory factors that are upregulated in other avian diseases (Li et al., 2015; Wang et al., 2015) . However, dysregulated expression of IL-6 or IL-8 can cause several inflammatory diseases and death (Frey et al., 2010; Li et al., 2015) . Additionally, tumor necrosis factor alpha (TNF-α) is pleiotropic cytokine that produces a wide range of stimuli. TN-FAIP2 and TNFAIP3 were influenced during EDSV infection and both these factors function as an important proinflammatory genes and play vital roles in the inflammatory response (Sethu and Melendez, 2011; Giordano et al., 2014). These results indicated that these important proinflammatory responses may activate the innate immune response and promote viral clearance. Further studies examining the mechanism underlying cytokine regulation in EDSV-infected cells are necessary.
It is well accepted that complete clearance of intracellular viruses requires the destruction of infected cells by the adaptive immune system (Ranganathan, 2016) . To the best of our knowledge, the phagosome plays an important role in balancing microbicidal and proteolytic degradation functions with the generation of antigenic peptides for presentation by MHCI and MHCII molecules to CD8 and CD4 T cells (Ramachandra et al., 2009) . MHCII is transported to the MHCII compartment (MHCII) after assembling with transmembrane chains and the invariant chain in the ER (Ii, also known as CD74). Next, Ii is digested by endosomal proteases, leaving a residual class II-associated Ii peptide (CLIP) occupying the peptide-binding groove in the MHC class II molecules (Cresswell and Roche, 2014) . In MHCII, the CLIP fragment is displaced by viral proteins. MHCII molecules are transported to the plasma membrane and present viral peptides to CD4+ cells (Murphy and Weaver, 2017) . Our results indicate that CD74 and CTSS (the basic components of MHCII) were upregulated in EDSV-infected cells, indicating that EDSV has the potential to be presented to CD4 cells and evoke a host adaptive immune response as a defense against EDSV infection. Binding of the recognition subcomponent C1qrs to a variety of targets in the most prominent immune complexes (C1QA, C1QB, C1QC, and C1S) is activated by the classical pathway, which is an important pathway in the complement system. Therefore, based on our study results, we inferred that activation of the complement system and antigen presentation by EDSV infection in DEFs might serve as a link between the innate and adaptive immune responses to facilitate an integrated host response (Dunkelberger and Song, 2010) . In addition, activation of the complement system and antigen presentation can help to increase the level of specific immune responses, providing new ideas for the design and development of new vaccines or vaccine adjuvants in the future (Takahashi, 2003; Liu et al., 2013) .
CONCLUSION
This RNA-Seq study offers new insights and provides potential research targets for a better understanding of the DEFs response to EDSV infection. Our data highlight how viral infection relates to host defensive responses at an early stage. In a broader sense, the basic data obtained in this study are a valuable resource that provide a preliminary but comprehensive understanding of the complexity of the molecular mechanisms of the host-EDSV interaction and provide new ideas for vaccine development.
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